The process-based XBeach numerical model has been used to simulate storm-induced morphological response on a macrotidal gravel barrier located in southwest UK. Using well-established parameterisation to define all relevant hydrodynamic, groundwater and sediment processes, the model was applied in 1D mode to simulate observed storminduced beach profile responses. Investigations showed that the morphological response of the beach was best modelled using a total drag coefficient, CD, of 0.007, and a hydraulic conductivity, K, of 0.05ms -1 . Results obtained from simulations with and without beach groundwater highlighted the need to account for groundwater effects when modelling morphological changes on gravel beaches. The model has been found unable of reproducing the formation of a berm, thus, beach recovery conditions cannot be modelled. This is mainly attributed to the fact that XBeach models long waves rather than individual waves, and thus it cannot simulate individual swash events that contribute to onshore sediment transport and berm accretion. However, the model is shown to provide good estimates of post-storm gravel beach/barrier profiles, and to define the threshold for overwash occurrence. Both attributes have utility in a range of practical coastal engineering and management applications.
INTRODUCTION
Gravel beaches are considered to be efficient natural sea defences (Bradbury and Powell 1992; VanWellen et al. 2000; Bradbury 2000; Mason and Coates 2001) , and coarse grained sediment is being used increasingly to replenish eroded beaches as a soft engineering measure, often in combination with structures (e.g., Riddell and Young 1992; Van Wellen et al. 2000) . However gravel beach environments are sensitive to storm-induced coastal retreat, and currently most UK gravel beach/barrier systems are experiencing erosion (Chadwick et al. 2005; Pye and Blott 2009) . The increase of the hydraulic forcing by storm surge and waves during storms often induces the process of barrier overwash, which causes barrier crest erosion, and increases the vulnerability of the barrier to further erode. Therefore, there is a practical need to develop tools for predicting the response of gravel beaches/barriers to storms.
Despite a wide recognition that longshore sediment transport and sediment supply play a crucial role in gravel beach dynamics, overall, the processes that cause erosion of gravel beaches are poorly understood. In the past two decades several field experiments have been undertaken on gravel beaches with the aim of collecting concurrent wave measurements and morphological data to enable the calibration of sediment transport equations. Most of these experiments have observed sediment transport processes using tracers, traps or profile/shoreline change (e.g., Nicholls and Wright 1991; Chadwick 1989; Van Wellen et al. 2000) .
Owing to a paucity of appropriate sediment transport formula for coarse sediment, predictions of gravel beach response to hydrodynamic forcing frequently are based on sediment transport models developed for sandy beaches, leading to inaccuracies. Further, the transport formulae that are used require the input of hydrodynamic parameters that are difficult to measure on gravel beaches, as frequently, instruments are damaged or lost in the highly energetic nearshore conditions. This difficulty has been partially overcome through laboratory experiments (Powell 1990; Bradbury and Powell 1992; Bradbury 2000; Lopez de San Roman-Blanco et al. 2006; Obhrai et al. 2008; Williams et al. 2009 ), which aim to gain an understanding of the physical processes, and allow the development of the first numerical models for gravel beaches. In spite of progress in this area some scaling problems remain unresolved.
Numerical models attempt to describe the inshore hydrodynamics and sediment transport in time and space, and are based on an understanding of the underlying physical processes. However, limited understanding of the physical processes on gravel beaches has restricted the development of processbased numerical models. At present, the few existing cross-shore (i.e., Clarke and Damgaard 2002; Pedrozo-Acuña et al. 2006 ) and longshore (Brampton and Motyka 1984; Chadwick 1989; Riddell and Young 1992; Chadwick et al. 2005) models are not yet fully capable of predicting the morphological response of gravel beaches hydrodynamic forcing. Ideally a transport model should integrate both cross-shore and alongshore processes from outside the surf zone up to the runup limit and include the complexities of wave/current/sediment interactions (Mason and Coates 2001) . However, although significant progress has been made in modelling the complexities of beach hydrodynamics, sediment transport equations for gravel are based upon limited datasets (e.g., Van der Meer 1988; Chadwick 1989; Van Wellen et al. 2000; Soulsby and Damgaard 2005; Van Rijn 2007) , and are not well-tested in beach environments.
At present, many morphological models aim to reproduce the main physical processes acting upon beaches under different wave forcing conditions, but most of these models contain computationally expensive routines that limit their practical application. XBeach is an open-source process-based numerical model that has been developed to assess the natural response of sandy coasts during timevarying storm and hurricane events ). The model has been extensively validated for sandy coastlines with series of analytical, laboratory and field test cases McCall et al. 2010; Lindemer et al. 2010) , and offers the required two-dimensionality to study storm impacts of up to a few days of duration, and on coastal regions of alongshore and cross-shore lengths of up to 12 km and 3 km, respectively. The present study is the first application of XBeach to simulate storm response and beach recovery on a macrotidal gravel beach/barrier system.
FIELD SITE
Slapton Sands is a macrotidal gravel barrier located in Start Bay, southwest England (Fig. 1) . The barrier faces the English Channel from the east, and is approximately 4.5 km long, 80-120 m wide and has a crest elevation of 6-8 m above Ordnance Datum Newlyn (ODN, approximately 0.2 m above mean sea level in the UK). The barrier is devoid of coastal structures, it is aligned in a north-south orientation, and both the height and width of the barrier increase progressively in a northward direction. The southern half of the barrier encloses a freshwater lagoon, fed by three local streams, and which usually maintains a higher water table than the spring high tide level. The gravel-size sediment comprises mainly flint, chert and quartz, the mean sediment size is approximately 6 mm, and beach slopes are typically tanβ = 0.1-0.2. With the exception of some localised cliff erosion, which mainly produces easily erodible fragments of shale, Start Bay as a whole can be considered a closed sedimentary cell. The gravel barrier is partly protected from the Atlantic swell propagating up the English Channel by the Start Point headland, and Skerries Bank banner sandy bank (minimum depth of 5 m ODN). The wave climate approaching Slapton Sands is bimodal and dominated by southerly swell waves and easterly wind waves. These waves are characterised by medium energy conditions (mean H s ≥ 1 m; storm H s ≥ 3 m), and the mean spring and neap tide ranges are 4.3 m and 1.8 m, respectively. Large swash excursions of up to 40 m have been measured during energetic storms, high spring tides has induced barrier overtopping and overwash events, depositing gravel on the road, and back-barrier. The 1:50 storm surge level in the region is 0.75 m (Lowe and Gregory 2005) , and the current relative sealevel rise is estimated at 2.5 ± 0.7 mm per year based on measurements from 1962 to 2004 (Haigh et al. 2009 ).
On the decadal-to-century time scale there is historical evidence of widening and narrowing of the extreme ends of Start Bay, suggesting the existence of beach rotation possibly induced by changes in the direction of the net littoral drift (Job 1993) . This rotation has been documented in the past centuries with the disappearance of two fishing villages located at opposite ends of Start Bay. Recent storms (H s ≥ 2 m and minimum duration of 6 hours) have caused severe damage to the supratidal barrier through barrier overwashing. As an example of the extent of the damage caused by these events, a single easterly storm undercut a 250-m section of the road that runs along the top of the barrier crest. In the past years, the barrier has been found to rotate to re-establish its equilibrium in response to the impact of storms from the typical directions (Ruiz de Alegria-Arzaburu and Masselink in press). Moreover, the predominance of one storm type over the other has been found to cause coastal retreat or progression of a few tens of metres (Ruiz de .
WAVE MODELLING WITH MIKE21
In order to investigate the alongshore wave conditions during storms, measured nearshore waves were transformed into shallow water using the MIKE 21 SW flexible mesh spectral wave model (www.dhigroup.com). The nearshore measurements consisted of half-hourly significant wave height, period and peak wave direction recorded by a directional wave buoy (Plymouth Coastal Observatory, www.channelcoast.org) (see Fig. 1 ).
The model was run with a grid resolution of 10 m, 100 m and 500 m for the nearshore, Skerries Bank and offshore areas, respectively, and for computational efficiency the parametrically decoupled version of the model (DS module) was used (see Ruiz de Alegria-Arzaburu and Masselink in press for further details). For the simulations, the water level (predicted tides) was varied and wave diffraction was included. A spread factor of 8 and 100 was used based on the directionally decoupled parametric formulation for computing the wind-driven easterly and swell-driven southerly storms, respectively. As the bed sediments below the depth of closure are composed of medium to fine sand (Hails, 1975) a D 50 of 0.5 mm was assumed. A JONSWAP spectrum was used to represent the wave field.
Offshore directional wave data at the model boundary are not available, so the model could not be properly validated and calibrated. Instead, the inshore wave conditions recorded by the directional wave buoy were initially assumed to be representative of the wave conditions at the model boundary and the model was forced using these wave conditions. The difference in wave height and direction between the measured and modelled wave conditions at the buoy position was then used to redefine the wave conditions at the boundary. This was repeated until the difference between measured and modelled wave conditions was minimal.
A southerly (9 th of March 2008) and easterly (17 th of April 2008) storm were selected to optimise model performance. For the easterly storm this established a need to add a value of 0.43 m to the boundary H s values leaving the wave direction unaltered. For accurate representation of the southerly storm, the boundary H s was doubled and 22° was added to the output wave direction. Results for the easterly storm showed mean errors of 1.8% and 0.6% for H s and the direction, respectively. For the southerly storm errors of 7.5% and 11.4% were obtained for the wave height and direction, respectively (refer to Ruiz de Alegria-Arzaburu and Masselink in press for further details). Model outputs at the buoy location compared with measurements show a good match, and indicate high reliability of the model performance (Fig. 2) . 
XBEACH MODEL APPLICATION

Model characteristics
In the present study the XBeach model developed by Roelvink et al. (2009) has been applied to simulate gravel beach dynamics using the Van Rijn (2007) formulae for sediment transport, and a coupled groundwater module. Short wave (wind and swell) transformations are achieved using a wave action balance (e.g., Holthuijsen et al. 1989) , and a roller energy balance is used to parameterise complex wave breaking processes in shallow water (e.g., Stive and Dingemans, 1984) . Wave forces accelerate or decelerate the flow described by the nonlinear shallow water equations (NSWE). Based on the wave group varying mass flux associated with the short waves and rollers (e.g., Phillips 1977) the Generalized Lagrangian Mean (GLM) approach (e.g. Walstra et al. 2000 ) is used to obtain Eulerian flow velocities and allow the inclusion of mass flux contribution to long wave motion and undertow.
Computed hydrodynamic conditions are used to obtain the equilibrium sediment concentration, which acts as a source term for the advection-diffusion equation for sediment (Galapatti 1983) . Bedload and suspended load sediment transport rates are computed using the Van Rijn (2007) formulae. Bed level changes are computed from sediment transport gradients and take account of avalanching when slope gradients exceed pre-defined thresholds. The model accounts for feedback between the evolving bathymetry and the hydrodynamics at each time step.
XBeach set-up for Slapton Sands
The XBeach model was applied to simulate both storm impacts and beach recovery on the Slapton Sands gravel barrier. At Slapton Sands easterly storms are responsible primarily for cross-shore morphological change (Ruiz de Alegria-Arzaburu and Masselink, in press) and are thus the most suitable test cases for the 1D XBeach model. For this reason, the impact of an easterly storm that occurred on the 17 th of April 2008, and lasted for 68 hours, was selected for the model simulations. The storm occurred during spring tides and caused significant erosion of the supratidal beach, and some accretion in the intertidal zone. The pre-storm beach profile survey was conducted on the 7 th of April during spring tides and immediately after the end of the storm on the 19 th of April. As calm conditions prevailed between the pre-storm survey and the start of the storm, the profile measured on the 7 th of April is considered to match closely the profile just prior to the storm. This assumption reduced significantly the computational time, and permitted simulation of the entire storm period of 68 hours.
Calm periods were found to be dominated by onshore sediment transport, resulting in the construction of a berm on the upper intertidal/lower supratidal zone (Ruiz de Alegria-Arzaburu and Masselink, in press). Here, the model performance is assessed on its ability to reproduce berm formation. In these simulations, beach profiles measured before and after a calm period on the 19 th of April and the 5 th of May 2008 were selected. The post-storm beach profile measured on the 19 th of April defined the starting profile in these simulations. Model outputs were then compared with the profile measured on the 5 th of May, which is considered a representative of a typical beach profile after approximately three days of calm conditions.
Being one of the narrowest sections of the barrier, and very vulnerable to erosion, a cross-shore profile located in the middle of the barrier (see Fig. 1 ) was selected for the model simulations. The measured beach profiles were interpolated on a regular grid with a 1-m horizontal and vertical resolution. The model boundary was defined as -5m ODN, and to accommodate the incident wave field, the measured low tide (c. -2m) was linearly extrapolated up to the offshore model boundary . This resulted in the addition to the measured profile an interpolated horizontal segment of length of 35m (Fig. 3) . This extrapolated subtidal zone is not considered when assessing volumetric sediment balances between the eroded and accreted zones on the measured sections of the beach profile. In order to be able to compute barrier overwash events, the barrier profile was extended to the back-barrier lagoon (Fig. 3) . The initial barrier profile used in the model simulations is shown in Figure  3 , and represents measured beach profiles for the storm and calm conditions, and the lagoon water table (LWT) in relation to the location of the subtidal, intertidal and supratidal zones. XBeach was used in non-stationary mode and inshore JONSWAP wave spectra at -5m ODN were defined by MIKE 21 output (see Fig. 2 ). Due to the lack of locally measured tides, XBeach was run in combination with modelled predicted tides with added tidal residuals measured in Weymouth (British Oceanographic Data Centre) (Fig. 4) . During the simulated storm, the tidal levels ranged between -1.4 m and 2 m ODN.
The lagoon water elevation in the model was fixed at 2.5m ODN (Austin et al. 2009 , Fig. 3 ). The groundwater seepage driven by the resulting hydraulic gradient between the ocean and back-barrier lagoon was included in the XBeach simulations. The initial groundwater table through the beach was defined using linear interpolation between the fixed lagoon water level and the tidal level at each time step. In XBeach, the sediment was characterised by: D 50 = 6 mm; D 90 = 9 mm; sediment density = 2500 Kgm -3 ; porosity = 0.4; and bed roughness, z 0 -0.006 ( Soulsby-Van Rijn, 1997) . All simulations were performed using a morphological factor (fmorf) of 1 (see Roelvink et al. 2009 for further details). 
BRIER SKILL SCORE
The Brier Skill Score (BSS) gives an objective assessment on the capability of a model to provide accurate predictions (Eq. 1), and it has been widely used to assess the skill of coastal morphological models (e.g. (1) where x b is the initial beach profile (baseline), x m is the measured beach profile, and x p the predicted profile by the model. Perfect agreement gives a skill score of 1, and negative values indicate that predictions are worse than the baseline value.
BSS compares the mean square difference between the prediction and observation with the mean square difference between baseline prediction and observation. Thus, it measures the accuracy of a prediction relative to the accuracy of a baseline prediction (Sutherland et al. 2004 ). Here, the BSS statistical descriptor will be applied to measure the skill of XBeach to predict the profile at the end of the model simulations. Interpretation of values from BSS were provided by Van Rijn et al. (2003) , and indicated bad model performance for values > 0, poor for values > 0.3 reasonable/fair for 0.3-0.6, good for 0.6-0.8, and excellent over 0.8.
RESULTS
The following Section presents results of a series of tests that will examine:
• Sensitivity analysis. Model performance to different values of friction coefficient and hydraulic conductivity will be studied in order to define an optimum model set-up. Model performance will be assessed with the BSS statistical descriptor (i.e. described below).
• The capability of XBeach to reproduce post-storm beach response and beach recovery. For the storm simulation, the model is set-up with the measured pre-storm beach profile; the corresponding hydrodynamic conditions for the storm are imposed at the boundary, and the post-storm model output is compared with the measured post-storm profile. The same approach is taken to study the model performance during calm conditions using the measured post-storm profile as an initial model profile, and the model output will be compared with the measured profile after the calm period.
• Define a threshold for barrier overwash. The sensitivity of the barrier to overwash is studied imposing additional water levels to a large spring tide and in combination with the largest waves measured over the monitoring period.
Sensitivity analysis
XBeach requires the input of several parameters to perform the simulations. Most of the parameters are associated with physical processes and some reference values are available in the literature. Recommended settings for sandy beaches have been used for the set-up of the hydrodynamics. On gravel beaches, however, most of the parameters related to morphology are unknown, thus, initially their values are assumed, and a sensitivity analysis is performed to check their validity. In particular, two parameters have the most influence on model predictions: the drag coefficient C D (cf in XBeach) and the hydraulic conductivity K.
Model performance to different C D values was carried out using a hydraulic conductivity K value of 0.05 ms -1 suggested by Austin et al. (2009) for Slapton Sands. Studies on sandy beaches generally use a C D value of 0.002 (Soulsby 1997) . Here, values between 0.002 and 0.02 were tested in order to cover an estimated range of sand to coarse gravel. Figure 5 shows that the morphological variability along the beach profile is sensitive to C D . A first qualitative assessment of the model performance to different values of C D suggests a best value of 0.007. A quantitative assessment through the Brier Skill Score BBS calculation (Eq. 1) for the profile section covered by measured data (above -1.5m) indicates best agreement for C D of 0.007 and 0.01 (Fig. 5) . Both values provide reasonable/fair predictions, and C D of 0.007 was considered the most appropriate as showing highest BSS and best agreement with the cut-back across the supratidal beach. These findings agree well with the range of C D values used by Pedrozo-Acuna (2005) for modelling gravel beach response.
The hydraulic conductivity K is a relevant factor which determines cross-barrier seepage of water and, hence, the amount of sediment transport and morphological variability (e.g., Austin et al. 2009 ). Initially, a K value of 0.05 ms -1 was used. The performance of XBeach using K values from 0.01 ms -1 (suggested for D 50 =1-2mm; Masselink and Li (2001) ) and up to 0.15 ms -1 (measured for D 50 = 10mm during a large-scale laboratory gravel barrier dynamics experiment, BARDEX, Williams et al. (2009) ) was examined to determine the suitability of the value suggested by Austin et al. (2009) . The same range of values was suggested by Barnes (1995) for gravel beaches. Model results showed that the beach response to wave forcing is sensitive to K and that for low values of K (e.g., 0.01 ms -1 ) the upper beach erosion and lower beach accretion were overestimated. An increase in K by an order of magnitude (from 0.01 to 0.1 ms -1 ) caused the opposite effect and underestimated the upper beach erosion. Best beach morphology predictions were obtained using a K value of 0.05 ms -1 , which also provided highest BSS results (Fig. 5) . This is in agreement with the K-estimate of Austin and Masselink (2005) based on field measurements undertaken at Slapton Sands. 
Post-storm beach response and beach recovery
The 17 th of April 2008 storm was modelled using the optimised parameters derived using the sensitivity analysis described above (i.e. K = 0.05 m s -1 and C D = 0.007). Model results are presented in Figure 6 and show that XBeach is capable of reproducing well the measured profile after the storm. Model outputs are inconsistent with field measurements across the middle intertidal beach (0 to -1.5m ODN). It is considered that this may be attributable to beach profile changes brought about by longshore sediment transport. The Brier Skill Score (BSS) was calculated to assess the accuracy of XBeach to predict the post-storm profile covered by measured data (above -1.5m), and a value of 0.45 was obtained, which implies a reasonable/fair prediction. As outlined above, due to the lack of field data across the lower intertidal and subtidal profile, it was not possible to compare the model output with measurements for the lower region of the beach (Fig. 3) . In calm wave conditions dominant net onshore sediment transport leads to beach accretion. XBeach was run to predict beach recovery recorded after the 19 th of April 2008 storm. Field measurements showed that during the calm period gravel was carried upslope as far as the swash zone extended, and deposited in the form of a berm. Model results indicated that XBeach is unable to simulate beach accretion in the form of a constructive berm on the upper intertidal beach. Instead, it caused some erosion across the upper intertidal zone and deposition of the eroded gravel across the lower intertidal beach (Fig. 7) . Thus, at present, the model is not able to simulate post-storm beach recovery on a gravel beach. 
Barrier overwash threshold
The average measured surge elevation at Weymouth during the modelled storm was 0.15 m (Fig.  4) . During the modelled storm, however, there is evidence to suggest that the surge at Slapton Sands was higher than 0.15 m, and a surge of 0.3 m could be considered a reasonable value. In order to test the morphological response of the barrier to increased surges, a set of model simulations have been carried out adding extra water levels of 0.2, 0.3 and 0.4 m to the already accounted predicted tides and measured surge from Weymouth. A BSS of 0.66 was obtained for an added water level of 0.3 m (Fig.  8) , thus, showing that XBeach is capable of providing good predictions using a realistic surge value for the modelled storm. The modelled supratidal and upper intertidal morphology show close qualitative and quantitative agreement with measurements (Fig. 8) . The middle intertidal beach (0 to -1.5m ODN), however, shows poor agreement with measurements, and this can be attributed to longshore sediment transport. The above results indicate that XBeach is capable of accurately reproducing storm-induced supratidal barrier erosion. Gravel barriers are very sensitive to overwash events, and in recent years, storm-induced barrier overwash has caused significant erosion across the barrier crest at Slapton Sands. Thus, it is desirable to have a model capable of providing accurate predictions for overwash induced morphological change.
Storm surge values of damaging overwash events at Slapton Sands are inexistent, but it is known that the 50-year return period storm surge level along Start Bay is c. 0.75 m (Lowe and Gregory, 2005) . Here, a set of model simulations have been carried out to forecast scenarios with increased extreme water levels. Future extreme barrier overwash occurrence has been studied over a measured large spring tide (tidal range 4.5 m), adding water levels of 1, 1.4, 1.6, 2, 2.2 and 2.4 m to the model tides (predicted and Weymouth surge), and using the largest recorded easterly storm waves (Figs. 9 and 10) .
In order to study the influence of the prevailing profile morphology on the occurrence of barrier overwash, the same set of model simulations have been carried out using both the pre-and post-storm profiles as initial model conditions. Model results indicate that the barrier crest starts to erode with an added water level of 1.6 m when the beach profile is already eroded (Fig. 9) , and with an added water level of 1.8 m for simulations with a pre-storm profile (Fig. 10) . The road is located a few meters onshore from the barrier crest (refer to Study Site for details), thus, damage to the road will only take place when barrier overwash occurs. The threshold for barrier overwash was found with an added water level of 2 m for both simulations. 
CONCLUSIONS
Gravel beach dynamics during storm and calm conditions were examined at Slapton Sands through the application of the XBeach 2DH numerical model. Morphological gravel beach response was found to be very sensitive to the beach permeability and drag coefficient, both of which exert significant control on sediment mobility. Best morphological results were obtained for K = 0.05 m s -1 in agreement with the K-estimate of Austin and Masselink (2005) , and for C D = 0.007, which agrees well with the range of C D values used by Pedrozo-Acuña (2005) for modelling gravel beach response.
Model results indicated that an overestimation of the hydraulic conductivity K by c. 30 % underpredicts the supratidal volume by c. 15 %, while an underestimation of K by c. 20 % overpredicts the volume by c. 8 %. This indicates that the hydraulic conductivity controls the amount of swash infiltration through the barrier, and the resulting beach morphological response, as previously found by Masselink and Li (2001) and Austin and Masselink (2005) . The morphological response of the gravel beach was found very sensitive to the drag coefficient C D , which determines the shear-stress and the corresponding sediment mobility. The underestimation of C D by c. 30 % causes significantly larger supratidal and upper intertidal erosion, and lower intertidal and subtidal accretion, while its overestimation induces the opposite response.
XBeach is capable of reproducing successfully storm-induced supratidal erosion and upper intertidal accretion, driven by a net offshore flow. The model skills were tested with the calculation of the Brier Skill Score (BSS) statistical descriptor. Initially, XBeach provided reasonable/fair predictions, with a BSS value of 0.45, using predicted tides and tidal residuals from Weymouth. An increase in the water level by 0.3 m led to good model capability, with a BSS of 0.66. The improvement in model performance with the added water level of 0.3 m could be partly attributed to the underestimation of the storm surge level, and possibly, mainly, to the inability of XBeach to model individual swashes and properly predict the runup limit. Overall, both model predictions simulate the supratidal and upper intertidal morphology adequately. The middle intertidal beach, however, shows poor agreement with measurements, and this is attributed to the longshore sediment transport, as the neighbouring areas to the modelled profile showed significant accretion across the middle intertidal beach.
The berm formation is driven by a net onshore flow (Austin and Masselink 2005; Masselink et al. 2010 ) the gravel is carried upslope from offshore/subtidal zone and is deposited onto the upper runup limit (upper intertidal zone). XBeach is unable to reproduce beach recovery conditions through the construction of a berm. On the contrary, a berm feature is reproduced during the barrier overtopping simulations. For the vertical accretion of the berm, the berm crest is required to be overtopped (Takada and Sunamura 1982; Austin and Masselink 2005) , and during the overwash runs the overtopping is enhanced through the increase in the water level. Thus, the inability of the model to reproduce berm formation is mainly attributed to the fact that XBeach models long group waves rather than individual waves, which eliminates the relevant sediment transport effect of the individual swashes capable of reaching the berm crest, and accreting it. In addition, the inability of the model to produce onshore transport could be also attributed to the fact that the sediment transport model is u 3 -driven and cannot drive sediment onshore.
During the model simulations, the morphological condition of the beach prior to the storm was found to be a relevant factor which determines the location and amount of morphological change across the beach profile. The occurrence of barrier overwash was studied with XBeach simulating large spring tides (i.e., 4.5 m), and combined with large wave heights during high tide (i.e., H s > 2.6 m). The barrier crest was found to erode with an added water level of 1.6 m when the initial profile was depleted (after a storm), and 1.8 m for an accretive initial profile. The threshold for barrier overwash was found with an added water level of 2 m for both simulations. It is unlikely to have such a large added water level. A fraction of this level could be attributed to the storm surge, and other fractions could correspond to larger waves (and of longer period), and also to the limitation of XBeach to reproduce swash hydrodynamics.
At Slapton Sands, the road is located a few meters onshore from the barrier crest, and damage to the road will take place with barrier overwash. This will be expected under conditions of an easterly storm characterised by large waves (i.e., H s > 2.6 m), and during a high spring tide, with an estimated storm surge of c. 0.75 m (as the recorded at Devonport during the January 2001 storm; British Oceanographic Data Centre), and with a depleted beach prior to the storm. This study presents the first application of a numerical model to study gravel beach/barrier dynamics at time scales of hours-todays. Despite the existing limitations, XBeach is found useful to simulate storm-induced morphological change and barrier overwash thresholds across a gravel beach/barrier.
